Abstract-Factors causing the solid phase dispersal of particles of alloying elements in the aluminum melt depending on their nature are considered. It is shown that the particles can be fragmented under the effect of uniform tensile stresses appearing due to the particles heating. The reasonability of using additional external effects (for example, magnetic pulsed treatment of the foundry alloy melt) to intensify the assimilation of sil icon in liquid aluminum and provide the microcrystalline structure of the foundry alloy is substantiated the oretically and confirmed experimentally by the example of the Al-20 wt % Si foundry alloy.
INTRODUCTION
The main consumer of shaped casting made of alu minum alloys is machine building. According to [1] , the fraction of consumption of aluminum in this branch is now 30-40% of the total consumption of wares by all branches of industry. The main consumer of wares made of aluminum alloys is the automobile industry. For example, the weight of parts made of alu minum alloys in modern automobiles of foreign pro duction is 110-145 kg [2] . The priority in the respect belongs to automobile companies of North America, West Europe, and Japan. This is conditioned not only by the use of modern high precision methods of cast ing (by gasified models, variants of casting under the pressure, etc.), but also by the application of high quality pig alloys, as well as various effects at the prep aration stage of working melts.
Currently, intense studies on the search for effec tive physical effects on liquid aluminum alloys are per formed.
The positive effect of melt overheating on the struc ture and properties of aluminum alloys was noted for the first time as far back as in works by Spasskii with collaborators [3] . Several variants of temperature treatments of the melts are known, notably, tempera ture-temporal treatment (TTT), temperature-speed treatment (TST), and thermocyclic treatment (TCT). Most of the works on the influence of overheating per formed at various times belong to the collective of researchers under the leadership of Lovtsov, Krush enko, Novokhatskii, Baum, Zamyatin, Popel', etc. Currently, the TTT of the melts is actively studied by collectives under the leadership of Hosen Ri [4] and Deev [5] . High temperature treatments of the melts are based on the data on anomalies (jumps, bends, and breaks) in polytherms of structurally sensitive proper ties and revealed hysteresis temperatures, which evi dence the structural transformations occurring in overheated melts.
Ultrasonic treatment (UST) of the melts is based on the appearance of cavitation effects during the pas sage of the acoustic wave of the low frequency ultra sonic range (up to 30-50 kHz) through the elastic medium (metal melt). The cavitation nuclei in the melt are microscopic nonmetallic inclusions, incom pletely dissolved refractory inclusions, etc. [6] . The positive effect of UST on the melts manifests itself in the refining, degassing, and modifying effects. We can consider that the treatment of crystallizing melts by electromagnetic acoustic fields (EMAFs) is a variant of UST [7] . The essence of this method manifests itself in the fact that the electromagnetic field, which is induced in the emitter antenna immersed into the melt, induces mechanical vibrations in the condensed medium-acoustic waves of the low and medium ultrasonic range (100-3000 kHz), which promotes milling of the phase components of alloys and, conse quently, an improvement of physicomechanical prop erties.
Melt treatment by nanosecond electromagnetic pulses (NEMPs) is based on the use of electromag netic fields with a pulsed power up to 1 MW, pulse duration of 1 ns, and magnetic field strength of 10 5 -10 7 W/m [8] . Manufacturing parameters of the effect are pulse energy and number of pulses. A positive influence of treatment of aluminum-silicon melts by pulsed magnetic fields (magnetic pulsed treatment (MPT)) was shown in studies initiated by the Foundry Department of the Samara State Technical University [9] . The main MPT parameters are pulsed power up to 1 MW, pulse duration of 50-200 μs, and magnetic field strength of 10 5 -10 7 W/m. The main distinction of NEMP with respect to MPT is in the electromag netic pulse duration. Varying the pulse energy and number of discharges, we can control the treatment efficiency of the melts depending on their nature.
The authors of [10] considered the main notions of the electrohydropulsed treatment (EHPT) of the melts of Fe-C and Al-Si systems, the essence of which lies in the supply of the high power electric polyfreqeuncy pulse into the melt at low (up to 2 kW h/t) specific power consumption with definite periodicity.
Most of the considered methods are approved mainly to treat working aluminum melts, of which cast wares are immediately formed. Meanwhile, it is known that the quality of alloys is in many aspects defined by the composition and structure of alloying and modifying foundry alloys [11, 12] . Modification is the main operation providing the formation of a fine crystalline structure of a cast ware and the attainment of the required level of most manufacturing, mechan ical, and operational properties.
In connection with the above, the investigation into the influence of physical treatment methods of foundry alloys on the improvement of the quality of foundry alloys of various indentations is topical.
THEORETICAL SUBSTANTIATION OF THE MAIN PARAMETERS OF THE MAGNETIC PULSE TREATMENT
OF FOUNDRY ALLOYS When introducing alloying elements in a form of primary metals into the aluminum melt, stresses appear in particles of the latter that initiate processes of solid phase crushing (dispersing) of the lump charge at initial stages. Metal particles in the spherical approximation can be considered elastic spheres with initial temperature T 0 immersed into liquid (melt) with temperature T 1 . The external part of the spherical particle will extend, causing uniform tensile stresses σ r in the central part ( Fig. 1 ). The magnitude of maximal tensile stresses in conditions of schematic presented in Fig. 1 can be calculated according to formula [13] : (1) where α is the thermal expansion coefficient, E is the Young modulus, and ν is the Poisson coefficient. In calculations we accepted T 0 = 423 K.
The time in which stresses σ r appear in the particle depends on the particle radius and can be calculated as follows [13] : (2) where r is the particle radius, c is the specific heat capacity of the particle material, ρ is its density, and λ is its heat conductivity coefficient.
The time of heating the particle of a definite radius is determined from the equation (3) According to (13) , each actual crystalline body is penetrated by microcracks, which are arranged at grain boundaries and can develop upon applying the loads. Considering uniform tensions σ r in a form of loads, we can determine the average microcrack length according to the Griffith formula [13] : (4) where σ and σ u are the surface tension at the "meltparticle" boundary and strength limit of the particle material.
It is evident that the solid phase crushing of parti cles surrounded by the aluminum melt will occur Fig. 1 . Schematic of the appearance of uniform tensile stresses (σ r ) in a spherical particle with initial temperature T 0 immersed into liquid with temperature T 1 .
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The formation rate and size of new particles, which are formed due to crushing, will be defined by the size of the initial charge particle and average length of microcracks in it.
The reference data for silicon, copper, and tita nium used in calculations are presented in Table 1 . The results of calculations performed according to formulas (1)-(4) at specified particle sizes and tem peratures of liquid aluminum are presented in Table 2 . It is seen that a much shorter time is required for the appearance of uniform tensile stresses in Si and Cu particles than their heating time. Calculated times of appearance of tensile stresses and particle heating for titanium are longer for an order of magnitude.
The results of calculations showed that particles of all elements satisfy condition (5), and quantity σ r exceeds the ultimate strength at room temperature already at 1023 K. However, silicon particles will crush most easily since they are penetrated by longer micro cracks compared with titanium and copper particles. The most prolonged time for solid phase crushing will be necessary for titanium particles. This fact is condi tioned by the minimal extension of microcracks and prolonged times of heating and appearance of tensile stresses in charge titanium particles.
In addition, distinctions in dissolution of silicon, copper, and titanium particles are also evidenced by the data on diffusivities of mentioned elements in the aluminum melt [15] : they are (14.4-44.6) × 10 -4 , (7.2-11.0) × 10 -5 , and (0.7-3.6) × 10 -5 cm 2 /s, respec tively, in a temperature range of 973-1073 K. It is seen that dissolution of titanium particles in liquid alumi num is characterized by minimal diffusivity. These factors (heating time of particles, time of appearance of tensile stresses in them, and diffusivities) determine high overheating (up to 1073 K for Si and Cu and larger than 1473 K for Ti) and prolonged holding (up to 1 h for Si and Cu and 1.5-2.0 h for Ti) of alumi num based melts with high concentrations of men tioned elements, which are characteristic of tradi tional production processes. This is especially charac teristic of the formation of alloys of the Al-Ti system.
It is evident that, in order to intensify solid phase dispersal of the particles, certain external force F ext , which equals the ratio of affecting energy W to the vol ume of the particle with diameter D, is required:
If the melt is treated by high temperature overheat ing, uniform stresses and disjoining pressure, which appear in microcracks under the condition of their wetting with the melt (θ < 90°), will appear at the first stage in the role of the force factor. However, melt overheating above the hysteresis temperature requires considerable power consumption that is unreasonable for industrial conditions. In connection with this fact, the application of physical impact methods based on the use of electromagnetic forces or fields seems to be more substantiated. It is evident that the role of the main force factor will be played by energy supplied to the melt in this case. The energy stored at the capacitor (W c ) and, consequently, the discharge energy can be defined as follows: (7) where U 0 is the voltage across the capacitor and C c is its capacity. For the discharge of the capacitor, which is arranged in the immediate proximity to the melt, we can accept for energy affecting the particle (not taking into account losses in the melt) (8) Thus, the larger the capacitor charge and voltage across it are, the larger the force will affect the melt and particles situated in it. Correspondingly, this force effect will promote the additional dispersal of these particles over the defect boundaries. However, accord ing to (7) , to provide the force (or energy) sufficient to disperse the particles, an increase in either capacitor capacity or voltage across it is necessary. Such an approach will require additional electricity inputs. Consequently, to increase the amount of energy, it is more logical to operate in a pulsed mode, i.e., increase the number of pulses at reasonable electricity inputs. Based on above reasons, a summary force factor dur ing the effect of electromagnetic fields on the melts is the totality of the discharge energy of capacitor W c and number of pulses with this energy supplied to the melt. Then expression (6) takes the form (9) where n is the number of pulses with energy W c .
Allowing for uniform tensile stresses, which appear in the particle surrounded by the melt, we will derive from Eq. (9) (10)
The results of calculations by formula (10) for a single pulse with the discharge energy equal, for exam ple, 1 kJ, are presented in Table 3 . Their comparison with the ultimate strength of elements shows that, in order to initiate the solid phase crushing of the silicon particle at a temperature of the surrounding melt of 1023-1323 K, one capacitor discharge with energy of 1 kJ is sufficient. To disintegrate copper and titanium particles, an increase in either the discharge energy or number of pulses is necessary. In addition, it follows from expression (10) that the coarser the particles of used charge elements (Si, Cu, Ti) are, the more pulses with higher energies should be supplied to the melt.
Thus, expression (10) makes it possible to select evaluatively the MPT modes of aluminum melts depending on the nature of the second alloying com ponent and sizes of its fraction. Increasing the number of pulses or discharge energy, we can purposefully form the disperse structure in the final foundry alloy.
EXPERIMENTAL
To perform the experiments, specialists of the research laboratory (NIL 41) at Samara State Aero space University fabricated an experimental mag netic pulsed installation (MPI) for the treatment of aluminum melts according to the axial effect layout (Fig. 2) . The installation makes it possible to vary the discharge energy from 0 to 20 kJ. The duration of the unity pulse can vary in a range of 50-200 μs.
Using the waste of cuprous silumin, we clarified the maximally possible discharge energy providing the integrity of the melt mirror and exclusion of its emis sion from the crucible. Smelting was performed in a crucible resistance furnace in a graphite crucible with a capacity of 10 kg by aluminum. The discharge energy was varied from 0.5 kJ and further increased by 0.2 kJ. The state of the melt in a crucible was observed in the discharge instant, and the lower part of the thermo protective inductor case was inspected after the dis charge. The melt mirror was in a surgeless state during the discharges in a range of 0.5-1.0 kJ. The effect by energy of 1.5-2.5 kJ on the melt caused a noticeable motion of the melt mirror, while the discharges by energy of 2.0-2.5 kJ led to the break of the mirror sur face and melt spitting on the lower part of the thermo protective case.
To prepare alloy melts Al-20 wt % Si, wastes of electrotechnical aluminum and silicon of Kr0 with fraction of 5-7 mm were used as the charge. Each smelting was prepared separately in a resistance fur nace. Silicon in all cases was stirred in one portion into the aluminum melt overheated to 973 K. The alloy melt, which was not subjected to MPT, was held for 20 min after introducing silicon, the slag was removed, and the melt was stirred and poured into cold cast iron molds. The melts subjected to MPT were treated by discharge energy of 1.5 kJ immediately after adding silicon with number of pulses n = 1-3 at T = 973 K. The total treatment time with n = 3 was no longer than 2 min, allowing for the time required to charge capac itors. After MPT, the melts were poured into cold cast iron molds.
To investigate the microstructure of foundry alloys, the samples were cut from the geometric center of pigs. The microstructure was analyzed using the SIAMS 700 software hardware complex. The elemental composi tion of phases was established using SEM (JEOL JSM 6390A). The density of foundry alloys was determined using hydrostatic weighing, and electrical conductivity was determined using a VS 30N eddy current struc ture scope.
EXPERIMENTAL RESULTS AND DISCUSSION
The results of the influence of MPT on the struc ture and properties of Al-20 wt % Si foundry alloys are presented in Table 4 .
It is seen from the presented results that the size of primary silicon crystals Si p in the initial foundry alloy is close to the calculated length of microcracks deter mined using formula (4). This fact confirms the possi bility of solid phase crushing the particles immersed into the melt under the effect of uniform tensile stresses.
An additional force factor in the form of magnetic pulse fields increases the degree of dispersal of the par ticles of charge silicon even with shortening the hold ing time of the alloy melt before pouring. This fact shows the adequacy of expression (10) and reasonabil ity of its use for evaluation when selecting MPT parameters depending on the foundry alloy nature. Figure 3 shows the fragments of microstructure of the Al-20 wt % Si foundry alloys depending on the treatment method.
It is seen from the presented results that both the sizes of Si p crystals decrease with an increase in the number of pulses during the MPT and their morphol ogy changes from branched to faced as well. Allowing for the fact that alloy melts hardened in identical con ditions, the established fact can be largely explained by the effect of magnetic pulse fields intensifying solid phase dispersing. Milling the silicon crystals increased the density and electrical conductivity of hard foundry alloys treated by magnetic pulsed fields during the preparation. The local electron probe microanalysis of primary silicon crystals showed that the aluminum content in silicon crystals increases as the number of pulses during MPT of alloy melts increases (Fig. 4) .
This can be associated with the fact that MPT pro motes extension of microcracks in silicon particles, the improvement of wetting their boundaries, and the dissolution of aluminum in primary silicon crystals. 
CONCLUSIONS
The results of our theoretical and experimental investigations showed that the formation of alloy melts at initial stages occurred due to the solid phase dis persal of the particles of alloy elements in the sur rounding of an aluminum melt caused by the appear ance of uniform tensile stresses and presence of micro cracks over the grain boundaries.
It is substantiated theoretically and confirmed experimentally by the example of the Al-20 wt % Si foundry alloy that additional external effects on the melt, for example, in the form of magnetic pulsed fields, intensify the solid phase dispersing of silicon particles.
Derived expression (10) , which associates the force impact index with the discharge energy and magnitude of tensile stresses, allows us to predict the main MPT parameters for the melts (discharge energy and num ber of pulses).
